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We investigate the thermal stability of Mo/SiC multilayer coatings at elevated 

temperatures. Transmission electron microscopy and x-ray diffraction studies show that 

upon annealing a thermally-induced structural relaxation occurs that transforms the 

polycrystalline Mo and amorphous SiC layers in as-deposited multilayers into amorphous 

Mo-Si-C alloy and crystalline SiC, respectively. After this relaxation process is complete 

the multilayer is stable at temperatures up to 400°C. 
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Introduction 

Extreme ultraviolet lithography (EUVL) is a leading next generation lithography that 

operates at an EUV wavelength of 13.4 nm and can print features smaller than 30 nm. Since at 
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this wavelength all the materials absorb the EUVL systems require vacuum operation. In 

addition, the optics and the photomask must be coated with reflective multilayer coatings. These 

multilayer coatings usually consist of Mo and Si layers although more sophisticated structures 

with diffusion barriers have been proposed to increase their reflectivity and stability.1,2 

Source power is one of the major roadblocks for achieving the production throughput 

requirements for EUVL of 100 wafers per hours. However, many source companies are now 

considering alternate fuels to xenon such as tin or lithium. Preliminary results show substantial 

increase in the source output over xenon-based sources and the EUVL tool source power 

requirements seem to be reachable in the near future. Yet new fuels bring also new challenges. In 

particular, the lifetime of collector optics is of concern due to surface contamination, erosion and 

diffusion of contaminants from the surface into the multilayers. For some fuel materials keeping 

the multilayer optics at high temperature is beneficial to mitigate some of these problems, 

especially surface contamination and diffusion into the multilayer structure. Hence, there is a 

need for high reflectivity multilayer coatings for normal incidence operation that have a stable 

reflectivity and bandwidth for long periods of time at high temperatures. The goal of this project 

was to develop multilayer coatings with a normal incidence reflectivity of >50% at 13.4 nm that 

are stable for thousands of hours at ~400°C.  

Numerous previous studies1-21 have investigated the thermal stability of Mo/Si multilayers 

that operate in the EUV region. The multilayers were exposed to high temperatures either to 

study the kinetics of silicide formation,3,6,7,12 to control the growth and optimize multilayer 

fabrication4, 8, 10, 12 or to reduce stress in the multilayers.5,13,14,17 Long term thermal stability is 

important for optics used at synchrotron radiation facilities,11 x-ray lasers and plasma physics9 

and solar physics.18 However, structural changes in Mo/Si multilayers due to increased 
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temperature are also of great importance for EUV lithography applications due to very stringent 

requirements for reflectance and bandwidth stability and figure errors due to stress changes in the 

multilayers. For example, it has been shown that the period thickness of Mo/Si multilayers 

shrinks considerably after annealing at 300°C9,13,15 but measurable change in EUV reflectivity 

occurs already at or above 100°C.14,19 Thermal stability can be substantially improved by the 

introduction of diffusion barriers such as C,1,20 B4C19,21,22 and SiO2
24 or by using a different 

multilayer material pair such as Mo2C/Si or MoSi2/Si.8,15,16 

Among the multilayer coatings that have been studied in the past we believe that MoSi2/Si 

multilayer system is the best candidate to meet the high temperature stability criteria. However, 

we have found that the reflectivity of this multilayer system at 13.4 nm is only ~44%. In this 

paper we consider another promising candidate, Mo/SiC, which to our knowledge has not been 

studied before. Based on bulk properties of Mo and SiC this system should have high 

temperature stability but also should have higher theoretical25,26 reflectivity (~56%) than 

MoSi2/Si. We describe the structure of Mo/SiC multilayers in the as-deposited state and compare 

it with the structure after annealing over a range of temperatures and annealing times. We present 

a model explaining thermally-induced structural relaxation observed in Mo/SiC multilayers when 

exposed to high temperatures, and use this model to predict thermal stability of Mo/SiC coatings 

at 400°C. Finally, the prediction is compared with the experimental results. 

Experimental Techniques 

Mo/SiC multilayers were deposited using dc-magnetron sputtering as described 

elsewhere.2  The multilayer films consisted of 60 bilayer pairs with a period thickness of ~7.5 

nm. This period was intentionally larger to account for period contraction at higher temperature 
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and to achieve peak reflectance at a wavelength of ~13.4 nm after annealing. In all cases we 

capped the multilayer with a SiC layer because Mo is known to rapidly oxidize when exposed to 

the air.27  The multilayer films were deposited on super-polished Si (100) wafers. Each sample 

was characterized using a Rigaku x-ray diffractometer at the Cu Kα wavelength at 0.1542 nm, 

and at EUV wavelengths using the Beamline 6.3.2 reflectometer at the Advanced Light Source.28  

Small angle X-ray diffraction (SAXRD) was used primarily to measure the bilayer period 

thickness. Large angle X-ray diffraction (LAXRD) was utilized to identify crystallinity and grain 

size of the individual Mo and SiC layers. Each sample was carefully characterized before and 

after annealing. Selected samples were imaged in cross section with high-resolution transmission 

electron microscopy (TEM) and analyzed with selected area electron diffraction to look for 

structural changes, crystallinity and preferential grain orientation. The TEM was performed on a 

JEOL 2010 that operated at 200 keV and provided a point-to-point resolution better than 0.2 nm. 

This microscope was equipped with an Oxford EDS detector and a tilting holder allowing up to 

20 degree tilt. The stoichiometry of the SiC layers, which were deposited using an alloy 

sputtering target, was determined using the Rutherford backscattering (RBS) technique. The 

RBS measurements were performed with He++ ions at 2.275 MeV energy and the RBS spectra 

were acquired at a backscattering angle of 160° angle with the sample perpendicular to the 

incident ion beam.  To improve C, N and O detection sensitivity and accuracy, we used the 

nuclear reaction analysis (NRA).  In particular, for N, the 14N(d,p) 15N  reaction was used, 

12C(d,p)13C for C, and 16O(d,p)17O for O.  Annealing was performed in a commercial vacuum 

furnace made by HSD Engineering. This custom cold wall vacuum furnace was designed to 

operate up to 1300°C. The chamber base pressure was typically ~5 x 10-8 Torr prior to annealing 

and increased to ~5x10-7 Torr during annealing. The annealing temperature was controlled 
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within ±2°C with multiple thermocouples. The ramp-up and ramp-down rate was ~5°C/min and 

this time is not included in the reported annealing time.  

Results and Discussion 

Rutherford backscattering measurements show that the SiC layers were deposited with 

the correct stoichiometric composition within 2 at.% accuracy. The as-deposited Mo/SiC 

multilayer has a bilayer period of 7.5 nm and the normal incidence reflectivity of the as-

deposited coatings is 52% at 13.9 nm. Subsequent annealing of the coating at 400°C for 48 hours 

causes the peak reflectivity to decrease to 48%, and peak wavelength to shift to 13.6 nm. The 

wavelength shift indicates a thermally induced modification of the multilayer structure.  

TEM imaging and selected area electron diffraction (SAED) were performed on the 

cross-sectional samples of the as-deposited and annealed coatings to characterize the structural 

transformation. TEM images of the layer structure at the bottom of the stack (next to the 

substrate) are shown in Figs. 1 and 2 for the as-deposited and annealed samples, respectively. 

The dark layers are the Mo and the light layers are the SiC. The images do not have sufficient 

resolution to see the atomic lattice in the layers. However, there are clear Moire’s fringes in the 

Mo layers for both samples that indicate that these layers are polycrystalline. Profiles, shown at 

the bottom of Figs. 1 and 2, were extracted from TEM images perpendicular to the layers and 

averaged over a width of ~20 nm in the plane of the layers. These profiles were used to 

determine the individual layer thicknesses listed in Table I.  

It is evident that upon annealing a thermally-activated reaction or interdiffusion causes 

the Mo layers to grow at the expense of the SiC layers. There is a concomitant contraction of the 

bilayer spacing of 0.2 nm, which is consistent with the observed shift in the reflectivity peak. We 
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also see that gamma (thickness of Mo divided by the period thickness) increases upon annealing. 

The value of 0.6 is too large for achieving optimum reflectivity, and is at least part of the reason 

that the peak reflectivity has decreased.  

The SAED data provides additional information about the thermally-induced structural 

transformation. The electron diffraction images for the as-deposited and annealed samples are 

shown in Figs. 3 and 4. The change in the diffraction pattern upon annealing clearly indicates 

that the structural modification is accompanied by a phase transformation. Line profiles extracted 

through the SAED images were used to identify the diffraction rings. For the as-deposited 

sample we took a profile along a line at 45 degrees to the film normal. This was necessary 

because Mo <110> spots along the film normal were saturated. The profile for the annealed 

sample was taken along the film normal. The radial position in the profiles was converted to 

units of the momentum transfer q=2π/d using the Mo <110> spots (d=2.225 Å) in the as-

deposited sample for calibration. The corresponding profiles are shown at the bottom of Figs. 3 

and 4.  All of the diffraction spots in the as-deposited sample (Fig. 3) are identified as bcc Mo. 

This indicates that the Mo layers are polycrystalline and the SiC layers are amorphous in the as-

deposited multilayer, a result analogous to the structure of Mo/Si multilayers. The SAED of the 

annealed sample shows weaker Mo spots and the appearance of a new phase that we identify as 

cubic SiC. This suggests that the elevated temperature causes the SiC layers to crystallize. Note 

also in the diffraction pattern of Fig. 4 that the Mo <110> spots along the film growth direction 

are much weaker than the in-plane spots. This indicates that the crystalline regions of the Mo 

layers have become thinner in the film growth direction. Since the TEM images show that the 

thickness of the Mo layers increases upon annealing, we infer that there is some interdiffusion at 

the layer boundaries that consumes the crystalline Mo, and mixes Mo into the SiC layers. The 
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Mo-SiC intermixing must result in a net volume decrease (increase in density) to produce the 

observed bilayer contraction. 

Model for Intermixing in Mo/SiC 

As described above we noticed that Mo/SiC undergoes a thermally-induced structural 

transformation upon annealing. When the film is annealed at 400°C a portion of the SiC diffuses 

into the Mo layer, producing an amorphous Mo-Si-C alloy, and the remaining SiC layer 

crystallizes. We call this structural transformation the “alpha” stage relaxation. In the following 

we will present a model to describe this transformation and to predict the time required to 

complete the alpha stage relaxation in the Mo/SiC multilayer structure.  

 The final products of the alpha stage are the Mo-Si-C alloy layer and the crystalline SiC 

layer. We can determine the composition and density of the alloy layer from the TEM 

measurements of the as-deposited film and a completely reacted film annealed at 400°C for 48 

hr. Let the initial and final thicknesses of the SiC layer be τSiC(i) and τSiC(f). Similarly let the 

thicknesses of the Mo layer and alloy layer be τMo and τMoSiC, respectively. The thicknesses of 

these layers as measured by TEM are listed in Table I.  The number of Mo atoms per unit area in 

the as-deposited Mo layer is given by,  

 

216 atoms/cm102.4 ×==
Mo

MoMo
Mo w

A
N

ρτ
    (1) 

 

Here ρMo is the mass density (10.2 gm/cm3), A is Avogadro’s number (6.02 x 1023) and wMo is 

the atomic weight (95.94 gm/mole). This is also the number of Mo atoms per unit area in the 
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final Mo-Si-C alloy layer. The number of SiC molecules in the alloy layer is equal to the number 

removed from the as-deposited SiC layer, 
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Here ρSiC is the mass density of the SiC layer (3.2 gm/cm3) and wSiC is the molecular weight 

(40.1 gm/mole). If we write the composition of the alloy layer as Moβ(SiC)1−β then, 
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The mass density of the alloy layer is then given by, 
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There has been some investigation of the tertiary phase diagram of the Mo-Si-C system at high 

temperatures (>1200°C), and an intermetallic compound of composition Mo5Si3C has been 

identified.29,30  However, the Mo-rich composition of the alloy layers that we observe is far from 

this stoichiometry, and could possibly represent the solid solubility limit of SiC in Mo. 

 Once the composition of the alloy layers is known it is possible to model the effect of the 

structural transformation on the normal incidence reflectivity of the multilayer coating. We 

model a multilayer coating that has an as-deposited structure of [Mo(3.5 nm)/SiC(3.5 nm)] x 60. 
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The calculated normal incidence reflectivity is shown in Fig. 5 as a function of the EUV 

wavelength. The reflectance peaks at 13.36 nm with a value of 56%. After annealing the 

multilayer structure is transformed to [Mo0.85SiC0.15(4.08 nm)/SiC(2.72 nm)] x 60. As seen in 

Fig. 5, the reflectance peak shifts to a wavelength of 13.04 nm and decreases to a value of 50%. 

This prediction is in good agreement with the experimentally-observed decrease in reflectivity 

upon annealing. 

 The next step is to develop a model for the kinetics of the “alpha” stage relaxation. We 

consider the intermixing of the Mo and SiC layers to be a diffusion-limited process. Let w be the 

width of the interlayer and let the composition of the interlayer be Moβ(SiC)1−β. Then according 

to Gosele and Tu31 the rate at which the interlayer width increases is given by,  

 

  
)1(
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w

TD
dt
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ββ −
=      (5) 

 

Here D is the temperature-dependent interdiffusion coefficient, characterized by a pre-factor D0 

and an activation energy EA: 
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The solution of the rate equation (5) is, 
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The crystalline Mo layer shrinks as it is consumed by the growth of the interlayers. The depletion 

of the Mo layer is related to the width of the interlayers according to, 

 

wMo βτ 2=∆       (8) 

 

The factor of two accounts for the two interlayers on either side of the Mo layer. We combine 

Eqs. (7) and (8) to obtain, 

 

 
1

82 DtMo β
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−
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This equation directly relates the kinetics of the diffusion process to the depletion of the 

crystalline Mo layers. 

 The width of the Mo layer can be directly measured using x-ray diffraction (XRD). The 

polycrystalline Mo has a strong <110> texture in the growth direction. This produces a 

diffraction peak at 2θ<110> = 40 deg. We can model the profile of the diffraction peak as a 

Gaussian, 
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Note that 2σ is the width of the XRD peak in 2θ space, and so has units of radians. The thickness 

of the crystalline Mo layer is inversely proportional to the peak width according to,32 
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Here λ is the Cu-Κα x-ray wavelength of 0.1542 nm. 

 We have studied the kinetics of the alpha stage relaxation in Mo/SiC multilayers by 

annealing a series of films as a function of time at three different temperatures of 350, 375 and 

400°C. XRD measurements are shown in Fig. 6 for the series of annealing times at each 

temperature. The as-deposited films show only the Mo <110> peak near 2θ = 40 deg. Upon 

annealing the Mo peak broadens and shifts to smaller angle, while a new peak appears at 2θ = 35 

deg corresponding to SiC <111>. This behavior confirms our model for the “alpha” stage 

relaxation wherein the crystalline Mo layers are consumed and the SiC layers crystallize. The 

broadening of the Mo <110> peak is due to the decreasing thickness of the Mo layers. The shift 

is probably due to a lattice strain produced by the compressive stress of the surrounding SiC 

layers. We fit a Gaussian profile to the Mo <110> peak to determine the width of the Mo layers 

using Eq. (11). Plotting ∆τMo
2 as a function of time produced a straight line, as shown in Fig. 7. 

The interdiffusion coefficient is obtained from the slope of the line according to Eq. (9). The 

resulting values are listed in Table II. 

The Arrhenius plot of the temperature dependence, shown in Fig. 8, confirms that the 

interdiffusion is thermally activated. The best fit line yields an activation energy of EA = 2.6 eV 

and a value of D0 = 0.8 cm2/s. 

 Having characterized the kinetics of the diffusion process we can now estimate the time 

required to complete the “alpha” stage relaxation at any temperature. This is the time required to 

stabilize the reflectivity of the coating. We assume that the as-deposited structure consists of 
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pure SiC and crystalline Mo layers having a thickness τMo. At elevated temperature the SiC 

diffuses into the crystalline Mo layer until it is completely consumed. The time to stabilize, tS, is 

given by, 

 

(12)           
)kT/Eexp(D8

)1(t
A0

2
Mo

S −β
τβ−

=  

 

The stabilization time is plotted as a function of temperature in Fig. 9 for the case where the 

initial Mo layer thickness is τMo = 3 nm. It is interesting to note that the large activation energy 

produces a dramatic decrease in the stabilization time with increasing temperature; the time 

ranges from 10 trillion years at 100°C to 213 seconds at 500°C.  

We tested our model by annealing as-deposited and pre-annealed Mo/SiC multilayer at 

500°C for 100 hours. Pre-annealed Mo/SiC multilayer has been previously annealed at 400°C for 

100 hours and should have, according to our model, completed the “alpha” stage relaxation. 

Hence, we should not see any additional reflectivity loss or peak wavelength shift due to the 

annealing at 500°C for 100 hours. The experimental results, shown in Fig. 10, indicate that there 

is indeed some additional relaxation of the multilayer structure at 500°C that causes the 

reflectivity peak to decrease and shift to a slightly shorter wavelength. Hence, we conclude that 

the “alpha” stage relaxation process is the dominant structural relaxation mechanism at 

temperatures up to 400°C, but other relaxation processes are activated at higher temperatures. 

The characterization of these other processes and the stability of Mo/SiC multilayers at 

temperatures greater than 400°C will be the subject of future studies. 
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Conclusions 

 
 We believe that the alpha stage relaxation studied herein is the dominant structural 

transformation pathway for the Mo/SiC system at elevated temperatures up to 400°C. The 

multilayer structure should be relatively stable in this range of operating temperatures after the 

relaxation process is complete. The crystallization of the SiC layers suggests that the system has 

reached at least a local thermodynamic equilibrium, which provides a kinetic barrier to further 

structural transformation at these temperatures. It is likely, however, that exposure to higher 

temperatures overcomes these kinetic barriers inducing new pathways for structural relaxation in 

the multilayer film, as the Mo-Si-C layer progresses towards the composition of the equilibrium 

high temperature phase.  
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Tables 

TABLE I: Values of the layer thicknesses, bilayer spacing and gamma determined from the 

TEM images. 

Sample Mo layer (nm) SiC layer (nm) Λ (nm) Γ 

As-deposited 3.77 3.73 7.50 0.50

400°C, 48 hr 4.40 2.90 7.30 0.60
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Table II: Values of the interdiffusion coefficient determined for the alpha stage relaxation of 

Mo/SiC multilayers. 

Temperature (oC) D (cm2/s) 

350 4.8 x 10-22 

375 2.6 x 10-21 

400 1.8 x 10-20 
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Figure Captions 

Fig. 1:  Cross-sectional TEM image of the as-deposited Mo/SiC multilayer coating. The plot at 

the bottom shows the layer profile obtained from the image by averaging over ~20 nm in the 

plane of the layers. 

 

Fig. 2:  Cross-sectional TEM image of the Mo/SiC multilayer coating annealed at 400°C for 48 

hours. The plot at the bottom shows the layer profile obtained from the image by averaging over 

~20 nm in the plane of the layers. 

 

Fig. 3:  Small-area electron diffraction pattern for the as-deposited Mo/SiC multilayer coating. 

The direction normal to the film is vertical. The profile shown at the bottom was taken along the 

white line. 

 

Fig. 4:  Small-area electron diffraction pattern for the annealed Mo/SiC multilayer coating. The 

direction normal to the film is vertical. The profile shown at the bottom was taken along the 

white line. 

 

Fig. 5:  The normal incidence reflectivity calculated for a 60-period Mo/SiC multilayer coating 

in the as-deposited state (solid line) and after completion of the alpha stage relaxation (dashed 

line).  

 

Fig. 6:  X-ray diffraction measurements of the Mo/SiC multilayer films annealed for a series of 

times at temperatures of 350, 375 and 400°C. The as-deposited films show a strong Mo <110> 
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peak at 2θ = 40 deg. The peak broadens and shifts to lower angle with increasing annealing time. 

The crystallization of the SiC layers is indicated by the appearance of the SiC <111> peak at 2θ 

= 35 deg. 

 

Fig. 7:  Plots showing a linear relationship between the square of the decrease in the Mo layer 

thickness and the annealing time. The slope of the line is proportional to the interdiffusion 

coefficient. 

 

Fig. 8:  An Arrhenius plot showing the temperature dependence of the measured interdiffusion 

coefficient. The slope of the line is the activation energy and the ordinate intercept is D0. 

 

Fig. 9:  The predicted temperature dependence of the stabilization time, defined as the time 

required to complete the alpha stage relaxation in the Mo/SiC multilayer structure. Here we have 

assumed that the initial thickness of the crystalline Mo layers is 3 nm. 

 

Fig. 10:  Reflectivity and wavelength change due to 100 hour anneal at 500°C. Two pieces of the 

same coating have been characterized with reflectometer before and after annealing. One piece 

has been initially cured for 100 hours at 400°C. Both pieces were then annealed at 500 hours for 

a cumulative time of 100 hours (1 hr + 9 hrs + 90 hrs). Independent of the procedure both pieces 

ended up having the same final reflectivity and wavelength.  
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Figures 
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